Understanding the effect of chemical composition on the strength of magnetic interactions is key to the design of magnets with stronger exchange interactions. The magnetic divalent first-row transition metal (TM) thiocyanates are a class of chemically simple layered molecular frameworks. Here, we report two new members of the family, manganese (II) thiocyanate, Mn(NCS)2, and iron (II) thiocyanate, Fe(NCS)2. Using magnetic susceptibility measurements on these materials and on cobalt (II) thiocyanate and nickel (II) thiocyanate, Co(NCS)2 and Ni(NCS)2, respectively, we identify significantly stronger net antiferromagnetic interactions between the earlier TM ions-a decrease in the Weiss constant, θ, from 29 K for Ni(NCS)2 to −115 K for Mn(NCS)2-a consequence of more diffuse 3d orbitals, increased orbital overlap and increasing numbers of unpaired t2g electrons. We elucidate the magnetic structures of these materials: Mn(NCS)2, Fe(NCS)2 and Co(NCS)2 order into the same antiferromagnetic commensurate ground state, whilst Ni(NCS)2 adopts a ground state structure consisting of ferromagnetically ordered layers stacked antiferromagnetically. We show that magnetic molecular frameworks with significantly stronger net exchange interactions can be constructed by using earlier TMs.
I INTRODUCTION
The rational design and synthesis of new magnetic materials tailored to particular functions requires an understanding of the fundamental interactions taking place between magnetic centres. Magnetic molecular framework materials-that is, systems in which magnetic centres are connected via molecular ligands into lattices-present an excellent opportunity to study these interactions and their chemical origins.
Connecting paramagnetic metal centres with molecular bridging ligands can produce open, flexible structures, permitting potential applications such as multiferroics, 1-3 magnetostrictive materials 4 and magnetic sensors. [5] [6] [7] The properties of molecular frameworks are not determined by long-range electrostatic forces-as in oxide frameworks-but are instead dominated by short-range covalent bonds between the metal centre, M and its ligands, L. The nature and delocalisation of the M-L bond controls the exchange interactions and therefore the magnetic properties of the material. By careful choice of L, very anisotropic structures can be created, which may have low-dimensional magnetic properties. [8] [9] [10] [11] [12] Low dimensional magnetic materials are examples of many-body quantum systems amenable to exact mathematical treatment. 13 In particular, the study of the behaviour of low-dimensional magnets is of critical importance to understanding spinliquids 14, 15 and high-temperature superconductivity. 16 Thiocyanate, (NCS) − , is a promising ligand in magnetic molecular frameworks, as it is capable of promoting strong superexchange interactions between paramagnetic metal centres 8, 17, 18 -for example, J = −230 K in Cu2(NCS)4(bpm) (bpm = 2,2-bipyrimidine) 19 ; it can also generate lowdimensional magnetic materials. 17, [20] [21] [22] However, many of the frameworks studied thus far incorporate ancillary ligands, such as acetone, THF or pyridine, which block coordination sites on the metal and decrease metal-metal connectivity in the framework. This can decrease the net strength of interactions (as measured by the Weiss constant, θ) between paramagnetic centres. 17, 20 Despite the range of complex magnetic thiocyanate compounds reported, 23 the parent pseudobinary system M(NCS)2 is relatively unexplored, with only three known magnetic examples:
Co(NCS)2, 17 Ni(NCS)2 24, 25 and Cu(NCS)2. 8 Unlike Co(NCS)2 and Ni(NCS)2which exhibit a sharp change in magnetic susceptibility at TN, suggestive of a bulk threedimensional magnetic ordering transition-Cu(NCS)2 additionally shows a broad peak, indicative of low-dimensional magnetism. 8 Indeed, the magnetic lattice of Cu(NCS)2 is quasi-onedimensional, comprising an array of weakly coupled antiferromagnetic spin chains, with strong superexchange interactions along the chain (J = 133 K), due to the Jahn-Teller distortion of the Cu 2+ ions. 8 Previous work has established that both Co(NCS)2 17 and Ni(NCS)2 25 also order antiferromagnetically, with Néel ordering temperatures, TN, of 22 K and 52 K, respectively. The value of θ for Ni(NCS)2, however, suggested net ferromagnetic interactions (θ = 39.8 K); 25 in contrast, Co(NCS)2 has net antiferromagnetic interactions (θ = −40 K). 17 Understanding the differences between these materials' magnetic behaviours requires an understanding of the interactions taking place in the lattice, which may be inferred from their magnetic structures. At present, the magnetic structures of Co(NCS)2 and Ni(NCS)2 are unknown.
The structures adopted by M(NCS)2 are closelyrelated and directly analogous to the corresponding TM halides, MX2, as both series of materials comprise triangular arrays of TM cations stacked along the c axis [ Fig. 1 ].
MX2 consist of layers of edge-sharing M 2+ octahedra with weak Van der Waals interactions between the layers [ Fig. 1 ]. 17, 24 The triangular arrangement of paramagnetic metal centres in MX2, and indeed other magnetic TM oxides [26] [27] [28] , lends itself to geometrically frustrated antiferromagnetic interactions, 29 leading to unusual magnetic properties. For example, the divalent TM halides, MX2, display multiferroic behaviour and helimagnetism. [30] [31] [32] [33] In M(NCS)2 (M = Co, Ni), the magnetic lattice described by the metal centres in the M(NCS)2 layers is the anisotropic triangular lattice, and so M(NCS)2 have the potential to show unusual magnetic behaviour akin to MX2. The two interactions within the layers are J1, along the M-S-M chains (along the [010] direction), and J2, between them [ Fig. 2 (b) and (c)]; the Hamiltonian for this system may be written as:
(
where the summation is taken over all nearestneighbour spins i and j with a Heisenberg exchange constant Jij between them.
The spatially anisotropic triangular lattice may be characterised using a single parameter, = tan −1 ( 1 2 ) [ Fig. 2(a) ]. By varying the relative Heisenberg exchange interaction strengths, J1 and J2, the isotropic triangular lattice (J1 = J2) can be transformed into a square lattice, via a quasi-onedimensional chain. In this phase diagram, antiferromagnetic interactions are represented by positive Ji and ferromagnetic by negative Ji. Furthermore, by adding the effect of quantum fluctuations to the classical phase diagram, the magnetic structures of quantum materials-such as the well-known spin-liquid Cs2CuCl4-xBrx-may be described. [34] [35] [36] As thiocyanate is a 'pseudohalide', 37 we aimed to prepare and characterise molecular framework analogues of the divalent TM halides, to survey the classical two-dimensional magnetic phase diagram through varying the control parameter .
In this work, we synthesised and characterised M(NCS)2 (M = Mn, Fe, Co and Ni)-M = Mn and Fe for the first time. Powder X-ray diffraction, thermogravimetric analysis and diffuse reflectance spectroscopy were performed, the latter being used to understand the electronic structures of these materials. In addition, we characterised their magnetic properties using magnetic susceptibility measurements and powder neutron diffraction (PND) and determined the relative sizes of their magnetic exchange interactions.
The results show that the net strength of superexchange interactions, as measured by the Weiss constant, θ, increases and becomes increasingly antiferromagnetic (more negative) as we move to earlier first-row TM cations.
From PND measurements, Mn(NCS)2, Fe(NCS)2 and Co(NCS)2 are observed to adopt the same commensurate magnetic ground state with ordering vector = [100] * and a magnetic stripe ordered structure. In contrast, Ni(NCS)2 adopts a ground state magnetic structure with ordering 
II MATERIALS AND METHODS

A. Synthesis
Mn(NCS)2. MnSO4·H2O (Sigma Aldrich, 99%, 1.690 g, 10.00 mmol) was dissolved in the minimum volume of deionised H2O to yield a pale pink solution.
A saturated solution of Ba(SCN)2·3H2O (Alfa Aesar, 98%, 3.075 g, 10.00 mmol) was added to this in portions, forming a white precipitate immediately. The reaction mixture was stirred overnight and the precipitate isolated by centrifugation and then decanting the supernatant liquor. The solvent was removed in vacuo to yield a yellow residue, which was dried by heating in air at 120°C for one hour before further drying under dynamic vacuum for 48 hours at 100°C. Manganese (II) thiocyanate (1.460 g, 6.01 mmol, 60%) was collected as a pale yellow microcrystalline powder. The same procedurewith all quantities scaled up by a factor of 6.5-was used to synthesise the sample used for neutron diffraction measurements. This compound readily hydrates in ambient humidity, turning from pale yellow to green; as such, it was stored in a dry argon atmosphere.
The product was analysed for elemental purity (combustion analysis for CHN). Found (calculated) C2N2S2Mn: C 13.32% (14.04%), H 0.05% (0.00%), N 15.32% (16.37%).
Fe(NCS)2. KSCN (Sigma Aldrich, 99%, 0.117 g, 1.2 mmol) was dissolved in dry acetonitrile (approximately 20 cm 3 ) and the clear colourless solution stirred under a nitrogen atmosphere at room temperature. The solution was added to Fe(BF4)2· 6H2O (Aldrich, 97%, 0.203 g, 0.6 mmol), instantly forming a dark red solution. The reaction mixture was stirred under a nitrogen atmosphere at room temperature for approximately five minutes, separating to a dark red solution and white precipitate (coloured red by the stronglycoloured supernatant liquor). The mixture was filtered via a cannula and the supernatant liquor taken to dryness in vacuo to yield a dark red-purple residue, which was heated under dynamic vacuum to form an orange-brown powder. Iron(II) thiocyanate (0.047 g, 0.27 mmol, 45%) was isolated as an orange-brown microcrystalline powder. The same procedure-with all reagent masses scaled up by a factor of 33-was used to synthesise the sample used for neutron diffraction measurements. The compound is air sensitive, oxidising to form a dark brown powder; as such, the compound was stored under inert atmosphere.
The product was analysed for elemental purity (combustion analysis for CHN). Found (calculated) C2N2S2Fe: C 13.60% (13.97%), H 0.10% (0.00%), N 15.39% (16.29%).
Co(NCS)2.
Adapted from the synthesis detailed in ref. 17 . CoSO4·7H2O (Sigma Aldrich, 99%, 2.811 g, 10.00 mmol) was dissolved in the minimum volume of deionised H2O to generate a clear red solution. A saturated solution of Ba(SCN)2·3H2O (Alfa Aesar, 98%, 3.075 g, 10.00 mmol) in deionised H2O was added in portions, instantly forming a white precipitate, coloured by the strong red supernatant liquor. The reaction mixture was left to stir at room temperature overnight, and the precipitate isolated by centrifugation and then decanting the supernatant liquor. The supernatant liquor was dried in vacuo, generating a red-brown residue, which was further dried by heating in air at approximately 120°C for one hour. Cobalt (II) thiocyanate (1.257 g, 7.18 mmol, 72%) was collected as a red-brown microcrystalline powder. The same procedure-with all quantities scaled up by a factor of 6.5-was used to synthesise the sample used for neutron diffraction measurements.
Ni(NCS)2. NiSO4·6H2O (Alfa Aesar, 99.97%, 2.628 g, 10.00 mmol) was dissolved in the minimum volume of deionised H2O, forming a clear green solution. To this, a saturated solution of Ba(SCN)2·3H2O (Alfa Aesar, 98%, 3.075 g, 10.00 mmol) in deionised H2O was added, instantly forming a white precipitate, coloured green by the supernatant liquor. The reaction mixture was stirred at room temperature overnight and the precipitate removed with a centrifuge. The liquor was dried in vacuo to generate a green-brown microcrystalline powder. Nickel (II) thiocyanate (1.501 g, 8.58 mmol, 86%) was collected as a green-brown microcrystalline powder. The same procedure-with all quantities scaled up by a factor of 6.5-was used to synthesise the sample used for neutron diffraction measurements.
B. Powder X-Ray Diffraction (PXRD)
Phase purity was assessed via powder diffraction measurements on a PANalytical Empyrean Diffractometer using Cu-Kα radiation (λ = 1.541 Å) in Bragg-Brentano geometry. Diffraction patterns were recorded over the range 2θ = 5-80° using a step size of 0.02° and a scan speed of 0.01° s −1 . Due to their sensitivity to moisture and air, the diffraction patterns of Mn(NCS)2 and Fe(NCS)2 were measured by encasing the samples between polyimide (Kapton) films. All diffraction patterns were analysed via Pawley 38 and Rietveld 39, 40 refinements using TOPAS Academic 6 structure refinement software. 41, 42 
C. Diffuse Reflectance Spectroscopy
Diffuse reflectance spectra were recorded on an Agilent Technologies UV-VIS spectrometer, connected via optical fibre to a Cary 50 Diffuse Reflectance Accessory, using a wavelength range λ = 200 -1000 nm, with step size 1.00 nm and scan rate of 10 nm s −1 . Samples were loaded between two quartz discs and sealed with Parafilm. Samples of Mn(NCS)2 and Fe(NCS)2 were mounted onto the quartz discs inside an argon-filled glovebox and quickly transported to the spectrometer (within half an hour) for analysis. Mn(NCS)2 was diluted with BaSO4 powder in a 1:1 mass ratio and the mixture ground together to produce a homogeneous powder; Fe(NCS)2, Co(NCS)2 and Ni(NCS)2 were mixed in 1:10 (M(NCS)2: BaSO4) mass ratios and the mixture ground together to produce homogeneous powders. The spectra were averaged over multiple measurements; spikes in the average due to erroneous spikes in the raw data-i.e. spikes in one spectrum which do not repeat in the other spectra, likely due to specular reflection from the powder-were removed from the average and the 'spiked' data point replaced with the average intensity either side of the spike.
D. Thermogravimetric Analysis (TGA)
Thermogravimetric data for Mn(NCS)2, Co(NCS)2 and Ni(NCS)2 were recorded with a Mettler-Toledo Thermogravimetric Analysis/Simultaneous Differential Thermal Analysis (TGA/SDTA) 851 Thermobalance. Each powder sample (20 -50 mg) was loaded into an alumina crucible and heated from 50°C to 600°C at a heating rate of 10°C min −1 under a nitrogen atmosphere. The data collected was measured relative to a background blank TGA curve, recorded using the same alumina crucible, temperature range and heating rate, under a nitrogen atmosphere.
E. Magnetic Susceptibility Measurements
The magnetic susceptibility measurements were carried out on powder samples (10 -20 mg) using a Quantum Design Magnetic Property Measurement System 3 (MPMS) superconducting quantum interference device (SQUID) magnetometer. The zero-field cooled (ZFC) and field-cooled (FC) susceptibilities were measured in a field of 0.01 T over a temperature range 2 -300 K. As M(H) is linear in this field range, the smallfield approximation to the susceptibility, ≃ , was assumed to be valid. The data for each compound were corrected for diamagnetism of the sample using Pascal's constants. 43
F. Powder Neutron Diffraction (PND)
Powder neutron diffraction measurements were carried out at the ISIS Pulsed Neutron and Muon Source using the WISH (Mn(NCS)2, Co(NCS)2, Ni(NCS)2) and GEM (Fe(NCS)2) instruments. 44 Samples of Mn(NCS)2 (4.76 g), Fe(NCS)2 (2.26 g), Co(NCS)2 (2.44 g) and Ni(NCS)2 (4.76 g) were loaded into thin-walled vanadium canisters. The canister diameters were 11 mm for Mn(NCS)2 and Ni(NCS)2; 6 mm for Co(NCS)2 and 6 mm with an indium seal for Fe(NCS)2. Each sample was loaded to a height of at least 40 mm, to ensure the full beam illuminates the sample.
Each sample was first cooled to the base temperature (1.5 K for Mn(NCS)2, Co(NCS)2 and Ni(NCS)2 and 10 K for Fe(NCS)2) and diffraction patterns then collected at a series of temperatures through TN. The complete list of temperature steps and data collections may be found in the supporting information. The data were corrected for absorption effects using the Mantid software package. 45 For each structure, the nuclear structure was determined by Rietveld refinement against powder neutron diffraction data collected above TN, using a model derived from the previously reported single crystal structure of Ni(NCS)2. 24 All refinements were carried out using Topas Academic 6.0. 42 Rietveld refinements using the candidate magnetic irreducible representations (irreps) were carried out for each compound separately, which showed that in each case only one of the two single irrep structures was consistent with the experimental data. Including the second irrep did not significantly improve the fit to the data. On this basis, we refined the magnetic structures using only the mY2 + irrep for Mn(NCS)2, Co(NCS)2 and Fe(NCS)2, and the mA1 + irrep for Ni(NCS)2. All refinements were carried out by simultaneously refining against data collected on multiple banks of detectors: on WISH, for Mn(NCS)2, banks 2 -5; for Co(NCS)2, banks 1 -5 and for Ni(NCS)2, banks 2 -5; on GEM, for Fe(NCS)2, banks 2 -5.
For the final refinements of the data collected for Mn(NCS)2 using the WISH diffractometer and for the final refinement of the data collected for Fe(NCS)2 on the GEM diffractometer, it proved necessary to refine the Voigt peak-shape parameters separately for high Q and low Q data, due to their unusual Q-dependence.
For all refinements, the lattice parameters, atomic positions and the magnitudes and directions of the magnetic moments were allowed to refine freely, aside from restraints on the C-N (ca. 1.15 Å) and C-S (ca. 1.65 Å) bond lengths. For Mn(NCS)2, Fe(NCS)2 and Co(NCS)2, the same set of freely refining anisotropic atomic displacement parameters was used for each atom. A full structural refinement for Ni(NCS)2 using anisotropic atomic displacement parameters was not possible and an isotropic displacement parameter for each atom was used. In all cases, the bond lengths and angles were consistent with those expected from previous studies [Table  S1 ]. 17, 24 shows the pattern collected at 10 K for Fe(NCS)2 on Bank 5 of GEM. Arrows denote magnetic peaks, asterisks denote magnetic reflections from impurity phases, whilst daggers denote nonmagnetic reflections from impurity phases. Rwp = 7.542% for Mn(NCS)2, 3.303% for Fe(NCS)2, 4.061% for Co(NCS)2 and 6.253% for Ni(NCS)2. 1: Rietveld-derived lattice parameters and atomic coordinates, based on the powder neutron diffraction data collected at 1.5 K for Mn(NCS)2, 10 K for Fe(NCS)2, 1.5 K for Co(NCS)2 and 1.5 K for Ni(NCS)2. The space group for all compounds is C2/m; as such, the α and γ angles were not refined, as these quantities define the monoclinic lattice. To confirm that no solvent remained trapped in the synthesised frameworks, we carried out thermogravimetric analysis (TGA) [Fig. S1 ]. This showed no mass losses other than minimal quantities of surface water, as suggested by the low quantity of H determined via elemental analysis. Quantitative Rietveld refinements of the high-Q powder neutron diffraction (PND) data collected confirmed that all four compounds were isostructural [ Fig. 3 ], crystallising in the space group C2/m, as anticipated for the similar chemistries and ionic radii of the divalent first row TM cations, 46 with only minor levels of impurities detected. For Co(NCS)2, the impurity phase was unreacted CoSO4·6H2O (1 wt.%), whilst the impurity in Mn(NCS)2 could not be assigned or quantified. Fe(NCS)2 appeared much less crystalline than the other samples, likely due to the rapid removal of solvent during crystallisation. Consequently, the errors in the parameters extracted from Rietveld refinements of the Fe(NCS)2 PND patterns are larger than for other members of the M(NCS)2 family; we believe these parameters are still meaningful, despite the larger errors.
The lattice parameters and atomic coordinates derived from Rietveld refinements are shown in Table 1 . The lattice parameters and unit cell volume vary approximately linearly with cationic radius, rion [ Fig. 4 ]. Among the lattice parameters, b increased the most, followed by a and then c. The value of the a lattice parameter is dominated by the length of (NCS) − anion, as it lies along the a axis, rather than the N-M and M-S bonds, which are oriented at an angle to the a direction [ Fig. 1 ].
Since the length of (NCS) − remains near constant regardless of the identity of M, changes in M have a small effect on the size of a. The c lattice parameter is determined by the interlayer Van der Waals interactions, which likewise remain approximately constant across the first-row TM series.
All compounds except Mn(NCS)2 were strongly coloured microcrystalline powders: Fe(NCS)2 was orange-brown, Co(NCS)2 was red-brown 17 and Ni(NCS)2 green-brown; Mn(NCS)2 was pale yellow. 24 We used diffuse reflectance UV-Vis spectroscopy to quantitatively assess the variation in observed colours across the M(NCS)2 series [ Fig. 5(a) ].
Previous work on (NCS) − frameworks has suggested that transitions in the observed diffuse reflectance spectra correspond to ligand-to-metal charge transfer (LMCT) transitions, from states dominated by (NCS) − -based orbitals to states dominated by the metal 3d orbitals. [47] [48] [49] The additional weak absorption bands observed for Fe(NCS)2, Co(NCS)2 and Ni(NCS)2 likely correspond to d-d transitions. 50 The optical (indirect) band gaps were extracted using Tauc fits to the data, 51 giving the following values: 4.2(1) eV for Mn(NCS)2, 3.2(1) eV for Fe(NCS)2, 3.2(1) eV for Co(NCS)2 and 2.5(1) eV for Ni(NCS)2.
On moving to later TM ions, the d orbitals decrease in energy and the crystal field splitting increases, resulting in a lower energy (longer wavelength) transition and smaller band gap. This trend is consistent with the small observed band gap for Cu(NCS)2 (1.3 eV), which is lowered further due to Jahn-Teller distortions of the Cu 2+ ions. 8
B. Bulk magnetic measurements
To assess the change in the magnetic properties as the identity of M in M(NCS)2 varies, we next went on to measure the bulk magnetic susceptibilities of these compounds at H = 0.01 T [ Fig. 6 ].
All four compounds showed evidence of threedimensional antiferromagnetic ordering [ Fig. 6 ]: a sharp change in For each compound, the high-temperature (T > 150 K) data were fitted to the Curie-Weiss law, Table  2 , alongside TN and the effective magnetic moments, μeff, and g-factors, g (where g = eff √ ( +1)
).
The data collected for Ni(NCS)2 and Co(NCS)2 are broadly consistent with measurements previously reported, with values of TN differing only slightly from those reported in previous work. 17, 25 The g-values are also broadly consistent with previously reported g-values-for Co(NCS)2, g ≈ 2.36; 17 for Ni(NCS)2, g ≈ 2.13. 25 The large deviations in μeff. from the spin-only values (i.e. eff = 2√ ( + 1)) for Fe(NCS)2 and Co(NCS)2 arise from spin-orbit coupling, due to the residual orbital angular momentum in the 5 T2g and 4
T1g terms for high-spin octahedral Fe 2+ and Co 2+ , respectively. [52] [53] [54] [55] The deviation for Mn(NCS)2 is smaller than for Fe(NCS)2 and Co(NCS)2, as Mn 2+ carries no orbital angular momentum-i.e. L = 0. 56, 57 While spin-orbit coupling is expected to increase across the TM series, the spin-orbit coupling is quenched to a first approximation for the d 8 Ni 2+ (A2g) ion; as such, μeff for Ni(NCS)2 closely matches the spin-only value. The variation of θ across the M(NCS)2 family indicates that the net magnetic interactions become increasingly antiferromagnetic on moving to earlier TM ions [ Fig. 7 ], likely due to the more diffuse nature of M 2+ 3d orbitals earlier in the series, enabling better spatial overlap with the thiocyanate σ and π frontier orbitals.
The Weiss constants determined highlight the considerable increase in the strength of net magnetic interactions between spins on moving to earlier TM ions, particularly for Mn(NCS)2 and Fe(NCS)2.
As the M(NCS)2 are layered materials with weak Van der Waals interactions between the layers, we anticipated these materials would display lowdimensional magnetic behaviour. The ratio f = |θ|/TN was computed for each compound, as this parameter may be used to assess the extent to which long-range order is suppressed by lowdimensionality or spin frustration in these materials. 13 For Mn(NCS)2, f = 4.1(1); for Fe(NCS)2, f = 0.99(4); for Co(NCS)2, f = 2.2(1) and for Ni(NCS)2, f = 0.54(3), which do not suggest strong suppression of long-range order. 13 The observed variation in susceptibility below TN was then modelled using a powder-average meanfield theory (MFT) model with Heisenberg exchange [ Fig. 6 ]. 58, 59 This model qualitatively accounted for the observed magnetic susceptibilities, but could not be used to extract the exchange interaction strengths, J1, J2 and J3 [Fig.  2(b) ], as these parameters are correlated. We then attempted to determine the values of J1, J2 and J3 using a reaction-field model. 60 However, this again proved unsuccessful, as strong correlations between the parameters again precluded their reliable determination.
To assess whether any field-induced magnetic phase transitions occur in the compounds, isothermal magnetisation measurements (M(H) curves) were carried out [ Figs. S2-S5 ]. The M(H) curves show that, in the region −7 to +7 T, saturation is not achieved, and that each material undergoes a spin reorientation transition (at H = ± 0.35 T, ± 1.00 T, ± 1.20 and ± 1.35 T for M = Mn, Fe, Co and Ni, respectively).
C. Magnetic ground state from neutron diffraction experiments
The dominant interactions in the M(NCS)2 frameworks may be understood by examining their ordered magnetic structures. As such, we carried out low-temperature neutron diffraction experiments to determine the magnetic ground state of these frameworks. All four compounds were observed to adopt ordered commensurate ground states. Symmetry-mode analysis was used to determine the symmetry-allowed magnetic irreducible representations (irreps.), yielding mY1 + and mY2 + irreps, in Miller and Love's notation, 61 for Mn(NCS)2, Fe(NCS)2 and Co(NCS)2. Rietveld refinement of the data using these irreps revealed that only the mY2 + irrep was consistent with the data for Mn(NCS)2, Fe(NCS)2 and Co(NCS)2. The refinements against the mY2 + symmetry-adapted mode yielded staggered magnetic moments of 4.02(4) μB (Mn(NCS)2), 4.82(6) μB (Fe(NCS)2) and 3.018(16) μB (Co(NCS)2), with magnetic space group PA21/c in the BNS notation. 62 In contrast to the other members of the M(NCS)2 family, the magnetic Bragg peaks observed below TN = 56 K for Ni(NCS)2 were indexed to a propagation vector of = [00 1 2 ] * , corresponding to mA1 + and mA2 + irreps. The neutron diffraction data were consistent with the mA2 + -distorted structure and Rietveld refinement against this structure [ Fig. 8(d) ] yielded a staggered moment of 1.73(5) μB and a magnetic space group Cc2/c in the BNS notation, with the magnetic unit cell doubled along the c-direction, relative to the nuclear cell [ Fig. 9 ].
Since Ni(NCS)2 is ferromagnetic within the layer, we anticipate J1/J2 > −0.5 and J2 < 0 (i.e. ferromagnetic), so that Ni(NCS)2 lies in the FM region of the classical phase diagram [ Fig. 2(a) ]. Likewise, we anticipate J1/J2 < 0.5 and J2 > 0 for Mn(NCS)2, Fe(NCS)2 and Co(NCS)2, so that these materials occupy the AF region of the classical phase diagram [ Fig. 2(a) ]. Additional constraints on the relative sizes and signs of J1 and J2 are established in the Discussion.
In all cases, the spins in M(NCS)2 are constrained by symmetry to lie in the ac plane. The staggered moments of Fe(NCS)2, Co(NCS)2 and Ni(NCS)2 are broadly consistent with the spin-only moments measured via bulk magnetic susceptibility measurements [ Table 2 ], with deviations from the spin-only values likely arising from spin-orbit coupling and delocalisation (covalency) effects (see Discussion).
We also established the temperature dependence of the lattice parameters [ Fig. S7 ]. For all members of the M(NCS)2 family, the lattice parameters were observed to vary broadly linearly with temperature, with no discontinuities observed.
For Mn(NCS)2, Co(NCS)2 and Ni(NCS)2, the c-axis is observed to expand most as temperature rises [Figs. S7], since the interactions along the c axis are primarily weaker Van der Waals interactions between the layers.
We were unable to accurately determine the temperature dependence of lattice parameters for Fe(NCS)2 due to lower crystallinity of the sample.
IV DISCUSSION
The family of divalent first-row TM thiocyanates M(NCS)2 (M = Mn, Fe, Co and Ni) adopt the same layered crystal structure, with space group C2/m. On changing the identity of M, we observe broadly linear variations in the lattice parameters with the ionic radius of M 2+ . The changes in local bonding and orbital occupancies will change the strength of magnetic interactions between the nearest neighbour M 2+ centres, J1, J2 and J3. The changes in the individual interaction strengths are reflected in the value of the Weiss constant, θ, which indicates the net interaction strength, accounting for the relative signs of the magnetic interactions in the lattice.
As earlier first-row TM ions occupy the M 2+ sites in the M(NCS)2 structure, θ becomes increasingly antiferromagnetic [ Fig. 7 ], due to (individually) stronger antiferromagnetic interactions and/or weaker ferromagnetic interactions.
We expect that the magnetic properties of the M(NCS)2 lattices are dominated by the two nearest neighbour superexchange interactions, J1 and J2, as the interlayer interaction, J3, is likely weak, due to the large separation of M 2+ ions and lack of chemical bonds between these ions.
The dipolar interactions between M 2+ are expected to be small, due to the large distances between M 2+ centres (at least 3.6 Å, corresponding to a dipolar interaction strength on the order of 0.01 K).
Therefore, we expect the strengths of the dominant exchange interactions in M(NCS)2 to depend primarily on the occupation of the magnetic 3d orbitals and their overlap with the frontier orbitals on (NCS) − ; direct exchange is expected to be weak, due to the large separation between M 2+ ions.
The J1 interaction, corresponding to the interaction in the [010] direction (over the M-S-M linkage) will likely contain two contributions: firstly, antiferromagnetic superexchange involving overlap between t2g and eg orbitals on adjacent M 2+ ions (mediated by a S p-like orbital, Fig. 10(a) ) and secondly, ferromagnetic exchange-correlationdriven superexchange mediated by the two orthogonal sulphur p-like orbitals [ Fig. 10(c) ].
The strong exchange correlation on S 63-65 favours a ferromagnetic J1 interaction, consistent with ferromagnetic ordering along the [010] direction, as observed in all M(NCS)2 materials by PND. The antiferromagnetic component will weaken from left to right across the TM series, as the number of unpaired electrons in t2g orbitals decreases. For M = Ni, the t2g orbitals are fully occupied and we anticipate no antiferromagnetic component. Consequently, we expect the J1 interaction to become increasingly ferromagnetic from left to right across the TM series.
The J2 superexchange interaction is principally mediated via the σ-like and π-like frontier orbitals on (NCS) − , dominated by lobes on S and N atoms [ Fig. 10 (b) and (d) ]. As with the J1 interaction, the J2 interaction comprises both antiferromagnetic and ferromagnetic components. The former arises from delocalisation superexchange, where one t2g and one eg orbital on each M 2+ overlap via the σlike frontier orbital on (NCS) − [ Fig. 10(b) ]. The latter is a ferromagnetic exchange-correlation driven interaction between the eg orbitals on M 2+ , mediated by the orthogonal σ-and π-like frontier orbitals on (NCS) − [ Fig. 10(d) ].
As electrons are added to the t2g orbitals on moving from Mn 2+ to Ni 2+ , the antiferromagnetic component of the J2 interaction again weakens and becomes zero for M = Ni, resulting in a more ferromagnetic J2. Indeed, for many M(NCS)2 solvate frameworks (those of the form M(NCS)2Lx, where L = ligand), the Ni member of the family orders ferromagnetically along the Ni-NCS-Ni chains, whilst the Mn and Co members order antiferromagnetically, 18, 22, [66] [67] [68] indicating that the exchange interaction along the M-NCS-M chains (i.e. the J2 interaction in the frameworks studied in this work) is ferromagnetic for M = Ni and antiferromagnetic for earlier M in the series, which is consistent with our experimental results.
Deviations from the 'ideal' 90° and 180° bond angles will likely mix the ferromagnetic and antiferromagnetic components of each interaction, giving deviations from the trends we explain above. Nevertheless, our qualitative predictions of the signs and strengths of the J1 and J2 interactions broadly bear out the observed magnetic ground states and trends in the bulk magnetic properties observed.
Our magnetochemical arguments therefore account for the observed increasingly antiferromagnetic interactions in the M(NCS)2 framework with earlier M 2+ . Our qualitative predictions also allow us to place each compound in the classical two-dimensional magnetic phase diagram [ Fig. 2(a) ]. For M = Mn, Fe and Co, we expect J2 > 0 (i.e. antiferromagnetic), whilst we expect J1 to be small and either ferromagnetic or antiferromagnetic, due to cancellation of the superexchange contributions. Therefore, these materials all lie in the AF region of the phase diagram. If J1 becomes antiferromagnetic, this will introduce frustration into the lattice. The large (compared to other M in the series) frustration parameter observed for Mn(NCS)2 suggests that J1 may be weakly antiferromagnetic for this compound, and that the larger J2 interaction, mediated by the (NCS) − linkages controls the overall antiferromagnetic ordering. also predict that J1 has an increasing antiferromagnetic component for earlier M in the series. If J1 becomes antiferromagnetic, this introduces frustration into the lattice. The relatively large (compared to M in the series) frustration parameter for Mn(NCS)2 suggests that J1 may actually be weakly antiferromagnetic for this compound and that the larger J2 interaction mediated by the (NCS) − linkages controls the overall antiferromagnetic ordering. For M = Ni, we anticipate J2 < 0, which places Ni(NCS)2 in the FM region of the phase diagram, as expected from the observed magnetic ground state. We also expect the J1 interaction to be ferromagnetic (i.e. J1 < 0).
For all members of the M(NCS)2 family, the size of the staggered moments obtained from PND are all lower than the size of the expected ordered moment (i.e. gS). This likely corresponds to a covalency effect, where spin density is transferred from M 2+ to the (NCS) − ligand. 69 Finally, we find that the ordered moment lies broadly along the N-M-N axis for Mn(NCS)2 and Ni(NCS)2, suggesting significant spin density in the d orbital pointing along that axis. For Fe(NCS)2 and Co(NCS)2, the moment has a significant tilt away from the N-M-N axis, towards the meridional plane containing Sbound (NCS) − ligands. This perhaps reflects the less axially symmetric occupancies of the t2g orbitals, compared to Mn 2+ and Ni 2+ : where Mn 2+ and Ni 2+ have equal occupancies in each t2g orbital, Fe 2+ and Co 2+ do not, leading to a more 'asymmetric' unpaired spin density distribution. Future electron spin resonance spectroscopy investigations will shed further light on the origin of these differences.
Recent work on CrI3 and Cr2Ge2Te6 has shown that mechanical exfoliation of layered ferromagnets can generate single-layer magnets. 70, 71 Whilst Ni(NCS)2 is strictly a bulk three-dimensional framework, the presence of ferromagnetic order in the layers with only weak exchange interactions between the layers suggests that it may be possible to retain the bulk magnetic order of Ni(NCS)2 when reduced to a single layer, provided that the single ion spin anisotropy is sufficiently large.
If single-layer Ni(NCS)2 retains the same ordering pattern as the bulk material, these single-layer ferromagnets may have applications as magnetoelectronic devices, ferromagnetic light emitters 70, 71 and hybrid multilayer materials, 72, 73 motivating future synthetic studies.
V CONCLUSION
In this study, we have determined how the strengths of magnetic interactions vary across the first-row TM pseudobinary thiocyanates, M(NCS)2. Two new materials-Mn(NCS)2 and Fe(NCS)2are reported, alongside the magnetic structures of these materials and of Co(NCS)2 and Ni(NCS)2.
Based on the observed magnetic structures, we have qualitatively rationalised the relative strengths and signs of the nearest-neighbour inplane exchange interactions, J1 and J2, and have systematically studied the magnetic phase diagram of the spatially anisotropic triangular lattice.
On moving to TM ions earlier in the row, the net magnetic interactions become stronger and increasingly antiferromagnetic, with the Weiss constant reaching −115(3) K for Mn(NCS)2.
PND revealed that Mn(NCS)2, Fe(NCS)2 and Co(NCS)2 adopt the same commensurate antiferromagnetic structure, where chains of coparallel spins along the crystallographic b axis order antiferromagnetically along the a axis, with these layers stacked antiferromagnetically along the c-direction. In contrast, the magnetic structure of Ni(NCS)2 comprises ferromagnetically ordered layers ordered antiferromagnetically along the caxis. This suggests that single-layer Ni(NCS)2 may be a candidate monolayer ferromagnet belonging to a new family of magnetic frameworks. The results collected from this study open up new avenues for the rational design of magnetic molecular framework materials.
